A combination of infrared and inelastic incoherent neutron scattering spectroscopies with the density functional theory and semi-empirical calculations was applied to propose an assignment of the vibrational spectra of 4-aminopyridine chloroantimonate(IV).
Introduction
The subject of our investigation is an ionic-molecular crystal built of the organic 4-aminopyridine cation [4-apyH] + and the inorganic anion [SbCl 4 ] − . The crystal undergoes a few phase transitions at 240/240.5, 248.5/250, 270.5/271, 304/304 K, respectively, on the cooling/heating runs. The symmetries of the monoclinic elementary cell in the subsequent phases numbered from V to I on heating are as follows: P 2 1 /c ↔ (Cc) ↔ Cc ↔ C2/c ↔ C2/c [1] . The crystal of * corresponding author; e-mail: natkanie@amu.edu.pl [4-apyH] [SbCl 4 ]) shows ferroelectric properties in the temperature range from 240.5 to 271 K. The crystalline structure is built of sheets of planar cations [4-apyH] + separated by the chain of tetrahedral anions [SbCl 4 ]
− . The [4-apyH] + cation is surrounded by a few anions and some close contact interactions of the hydrogen bridge type can be distinguished [2] [3] [4] [5] [6] [7] [8] .
Although the hydrogen atoms of NH 2 , CH, and NH + groups were in close contact with the anion, the strongest hydrogen bridge bond is formed between the imide (NH + ) group and the anion. The strongest interaction is modelled in our study. The molecular dynamics of the crystal was studied by the neutron and the infrared (IR) spectroscopies. The neutron vibrational spectra give the frequencies and intensities of all normal modes; their intensities were proportional to the displacement of each atom performing the vibrations and the incoherent cross--section for scattered nucleus (value of incoherent cross-section of proton is several times greater than that of nitrogen or carbon atoms, building the cation studied [9] ). The IR intensity is proportional to the changes in the electrical dipole moment of the molecule.
To make the assignment of the subsequent bands in the spectra, the structure of the simple complex was optimised and the frequencies and intensities of the normal modes were calculated by the density functional theory (DFT) [10] and semi-empirical PM3 [11] methods. The interaction N1-H + . . .Cl is the short- Fig. 1 . Structure of the isolated molecule of [4-apyH] [SbCl4] with the atom numbering scheme [2] [3] [4] [5] [6] [7] [8] .
est one, according to crystallographic data [2] . Therefore, the optimisation of the complex structure was performed, where this bridge is responsible for the interaction between the cation and the anion. The structure of the complex with the atom numbering system is presented in Fig. 1 .
Method
The inelastic incoherent neutron scattering (IINS) spectra of the crystal studied were recorded as a function of the incident neutrons wavelength at different temperatures on a NERA-PR spectrometer in Dubna, co-working with a pulse reactor IBR-2 [12] . The Fourier transform infrared (FT-IR) absorption measurements were performed on a Bruker-EQUINOX 55 Fourier transformed infrared spectrometer.
The quantum mechanical calculation of the frequency and intensity of normal modes were performed by semi-empirical method as less time consuming, and by the density functional theory method using Gaussian 03 package [13] .
Results and discussion
The IINS spectra of the crystal studied were recorded as a function of the wavelength of the incident neutrons at 20, 240, 260, and 290 K. The IINS spectra were converted into the phonon density of states spectra G exp (ν) as shown in Fig. 2 . The low temperature G exp (ν) spectra show a well separated band above the energy gap of 240-350 cm −1 , but below 700 cm −1 . Its band width is close to the resolution power of the spectrometer. When the energy transfer increased, the intensity of selected bands as well as resolution power decreased [14, 9] according to the scattering law. In the low temperature G exp (ν) spectra one may distinguish well separated bands at 230.4, 407.8, 510.0, 544.8, 800.5 cm −1 . Although on heating the intensity of the bands decreased, at room temperature the lattice branch and internal normal vibrational modes can be separated.
The FT-IR spectrum measured at 20 K (in nujol) is shown in the wave number range from 450 to 3500 cm −1 in Fig. 3 . As in the range from 1750 to 2580 cm −1 no bands were observed, this part of the spectrum was neglected. [10, 11, 13] . The structure of the isolated [4-apyH] + cation was optimised by the B3LYP/6-311G * * method, while the structure of the complex -by the semi-empirical PM3 and B3LYP/LanL2Dz methods. The optimised structure of the complex obtained by the semi-empirical method is close to that determined by the X-ray studies [2] ; the calculated angle N1-Cl-Sb is 91
• while X-ray data give 93
• . The bond length and internal angles of the skeleton of the optimised structures are collected in Table I . The data are also compared with the X-ray diffraction structure determined at 100 K [2] .
The values of RM S * were calculated in order to compare the structure of the [4-apyH] + cation optimised by different methods with the X-ray data, according to the formula
where x cal and x exp are the calculated and experimental data, respectively. They are 0.008Å and 0.16
• for the bond length and internal angles, respectively. On the other hand, the RM S were also calculated to compare the bond lengths and angles of the [4-apyH] [SbCl 4 ] complexes optimised by the B3LYP/LanL2Dz and PM3 methods with the experimental X-ray data; then the RM S values are: 0.074Å, 2.06
• and 0.112Å, 6.86
• , respectively. Therefore, the optimisation of the skeleton structure of the studied complex of [4-apyH] [SbCl 4 ] by the DFT method gives a better approximation of its internal structure.
Then the frequencies and intensities of normal modes in the vibrational spectrum were calculated by quantum chemistry (QC) methods. Figure 4 shows a comparison of the low-temperature G exp (ν) spectrum and the calculated one. by the PM3 method. According to the results of the calculations, performed by the PM3 and B3LYP/6-311G * * methods, the bands at the low neutron energy transfer (in the lattice branch) of the G exp (ν) spectrum can be interpreted as the −1 , respectively. However, a comparison of the vibrational spectrum calculated for the isolated cation of [4-apyH] + and the experimental neutron scattering ones permits concluding that the strong band at 230 cm −1 observed in the lattice branch is an internal mode of the cation.
The most intense band in the low-temperature phonon density of state spectrum G exp (ν) of [4-apyH] [SbCl 4 ] appears at the energy transfer of 407.8 cm −1 . On the basis of the PM3 calculations the band at 400.2 cm −1 is assigned as the out-of-plane torsion of the 4-aminopyridinum cation:
The DFT methods predict this band at 389.2 and 397.7 cm −1 for the complex, which is presented in Fig. 1 , and for the isolated cation, respectively.
Another intense band is observed in the G exp (ν) spectrum at the energy transfer of 544.8 cm −1 . The PM3 calculations predict a band at 635.8 cm
which may be interpreted as the deformation in-plane:
According to this assignment, the intense G exp (ν) band in the low-temperature spectrum is related to the dynamics of the N(1)H + group and therefore its intensity should decrease on heating. The B3LYP/ 6-311G * * calculations predict it at 531.8 and 532.6 cm −1 , while B3LYP/LanL2Dz -at 543.7 cm −1 . Intermolecular interactions of hydrogen bridge bond type between the donor -N + H group and the acceptor take place in the crystal. They influence the internal structure of the cation; consequently, the frequencies of internal normal modes in the cation and in the complex are different.
The subsequent band appears at 645 cm ] complex and for the isolated cation predict this band at 850.9 and 839.8 cm −1 , respectively. The vibrational spectra calculated by QC methods also permit analysis of the normal modes in IR spectra. Figure 5 presents a comparison of the spectrum recorded experimentally at 20 K and that calculated by the B3LYP/LanL2Dz method. The frequencies of the observed normal modes (from neutron scattering as well as from IR data) and the unscaled calculated frequencies for 67 vibrational normal modes are plotted in Fig. 6 . The slope of this dependence is 0.998. It may be noted that the deviations of the experimental frequencies from the calculated ones are within several percents. The effect of vibrational anharmonicity seems to be negligible. The stretching modes are mainly red shifted, as shown in Figs. 5 and 6, because of the hydrogen bridge interaction. Also these stretching vibrations ν [N-H] at 2986, 3216, 3328, and 3429 cm −1 at 20 K undergo shifting on heating [15] . The observed changes in the intensity of G exp (ν) and the temperature shift of the IR bands at 502, 790, 1194, 2986, 3216, 3329 cm −1 [15] indicate an important role of the N-H-Cl interactions.
Summary
Using the ab initio and semi-empirical calculations the influence of the N1-H. . . Cl(3) hydrogen bridge interactions in [4-apyH] [SbCl 4 ] on the vibrational spectra has been studied. According to the X-ray data, the bond is nearly linear, the characteristic N1-H. . . Cl angle is 172.39
• , and its length is 3.267Å [2] . The geometries of the complex, the strongest interaction in it and vibrational frequencies have been obtained. The semi-empirical calculations give the structure of the complex analysed close to that following from the X-ray diffraction study. The influence of the hydrogen bridge on the internal structure and the vibrational spectra (G exp (ν) and FT-IR absorbance) has been determined. The observed decrease in the intensity of selected normal modes in the G exp (ν) spectra on heating has been interpreted as corresponding to the increasing dynamics of protons.
